The isolated-site low-temperature crystal matrix (dilute solutions in heptane and in octane) (Shpol'skii matrix) is shown to be operative for the spectroscopic study of 3-hydroxyflavone luminescence. The observed luminescence is demonstrated to be unique proton-transfer fluorescence from the excited tautomer. A separate study at higher concentrations of aggregated molecule luminescence and excitation spectra distinguishes these for 3-hydroxyflavone from isolatedmolecule spectra. The application of the Shpol'skii matrix lowtemperature spectroscopy technique is suggested for other large heteroaromatic molecules, such as biomolecules containing polar groups that impart low solubility in nonaqueous solvents.
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The yellow-green fluorescence of quercetin is the standard criterion for recognition of this polyhydroxyflavone on a thin-layer chromatography plate (1) . The observation of a fluorescence in the middle of the visible region posed a major anomaly because the UV absorption of the flavonols should result in UV or at most a deep-violet fluorescence. Sengupta and Kasha (2) showed that the yellow-green fluorescence of quercetin and of its simpler homolog, 3-hydroxyflavone, arise from an excited proton-transfer tautomer of the normal molecule.
Recent studies of the proton-transfer spectroscopy of 3-hydroxyflavone (3- have focused attention on the extreme sensitivity of the electronic excitation processes in this molecule to substoichiometric and stoichiometric traces of H-bonding contaminants (water, alcohols, ethers) in the hydrocarbon solvents used (3) . With concentrations of solute of 0.10-10 ,uM in methylcyclohexane or 3-methylpentane, the fluorescence and excitation spectra exhibit dramatic changes as the temperature of the solution is lowered toward the glass transition temperature. A detailed spectroscopic study (4) revealed a series of solvates in equilibrium with the unsolvated molecule, each having a characteristic fluorescence and excitation spectrum. The extreme sensitivity of 3-hydroxyflavone to external H-bonding perturbation was attributed to the weakness of the intramolecular H-bond of the five-membered ring, resuiting in a susceptibility to competitive H-bonding perturbations by solvent contaminants. An ideal medium for the spectroscopic study of isolated molecules in condensed media is the isomorphic-substitution crystal matrix (the Shpol'skii Matrix) (5) , in which the solute molecule matches the site dimensions of the solvent molecule in the crystal of the solvent. The Shpol'skii matrix reduces the inhomogeneous spectral broadening, and, although the matrix is polycrystalline, extreme sharpening of band structure is observable at low temperatures.
An advantage of Shpol'skii matrix spectroscopy in the case of 3-hydroxyflavone lies in the fact that the temperature of crystal formation can be significantly higher than that at which solvate formation becomes significant. Thus, the Shpol'skii matrix offers not only solute molecule site isolation, but also can exclude solvent impurities from the crystal lattice.
Proton-Transfer Fluorescence of 3-Hydroxyflavone in the Shpol'skii Matrix
In the Shpol'skii "site-matching" technique, the solute at fairly low concentrations is frozen at low temperatures in a series of hydrocarbon solvents until sudden sharpening of vibrational structure of the luminescence spectrum appears. In the experiments with 3-hydroxyflavone, the normal hydrocarbons from pentane to nonane were considered; hexane, heptane, and octane yielded dramatic fluorescenceband sharpening, relative to rigid-glass hydrocarbon media, even at 77 K.
The proton-transferfluorescence spectra of 3-hydroxyflavone in quick-frozen, multicrystalline n-heptane and n-octane Shpol'skii matrices at 77 K are given in Fig. 1 . Both solutions exhibit only the tautomer fluorescence, with no trace of the fluorescence emission of the normal molecule except at high (xlOO) gain. This observation confirms our general thesis (4) that the intrinsic property of the internally H-bonded 3-hydroxyflavone is to undergo proton transfer to the benzopyrillium tautomer (structure I Right) under photoexcitation. In the recent laser kinetic studies of 3-hydroxyflavone luminescences, it was assumed that the intrinsic property of this molecule is to exhibit normal fluorescence at low temperatures (6) (7) (8) (9) . The present results and our previous studies (3, 4) indicate that, at least at 77 K, the intrinsic excited-state behavior of 3-hydroxyflavone after So -* S1 excitation is to undergo S1 --S' proton transfer, followed by Si SO proton transfer fluorescence (Fig. 2) . A concomitant study (10) indicates that the rise-time for the S' -+ SOproton transfer fluorescence in n-heptane at 298 K was measured to be <8 psec; this lengthens to 30 psec in the n-heptane Shpol'skii matrix at 77 K.
The most striking feature of the curves of Fig. 1 is the considerable enhancement of the vibronic structure upon going from glass-forming hydrocarbon solutions (3, 4) to the crystalline Shpol'skii system. A progressive sharpening of 3375 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 30 pLM in n-heptane (Upper) and 37 AM in n-octane (Lower).
vibronic structure is observed in the series n-pentane, n-hexane, and n-heptane, with the spectrum in n-octane ( Fig. 1 Lower) complicated by an apparent doublet structure for each vibronic band. This doublet structure is clearly evident only in the 0,0 band but can be discerned in the other prominent bands under slightly higher resolution. These characteristics are typical of insertion into specific lattice sites of the crystal matrix by replacing two or more of the n-alkane host molecules, with the "best fit" substitution giving rise to the best-resolved spectra. The observation of multiplet splittings could be explained as arising from different orientations in the substitutional site, thus giving rise to different guesthost interactions (11) (12) (13) (14) . The orientation of a 3-hydroxyflavone molecule in such a lattice is particularly complex owing to its asymmetric geometry as compared with those of the polycyclic aromatic hydrocarbons, which have been the most studied in the Shpol'skii effect (5) .
A noteworthy characteristic of these multicrystalline systems is the negligible or very small fraction of the total emission that is attributable to solvated species (3, 4), even in highly contaminated solvents. Two phenomena may contribute to this observation. First, the ground state solvation equilibrium is effectively "frozen in" at a temperature near the freezing point of a particular solvent used. The rigidity of the crystalline environment prevents the diffusion-controlled establishment of a lower-temperature equilibrium. A second possibility involves the insertion of the solute into specific crystal lattice sites. The fully solvated species may not be accommodated by the lattice in any favorable configuration.
The well-resolved vibronic structure in these multicrystalline matrices, coupled with the decreased effect of Hbonding impurities, makes them the ideal system for detailed study of the 3-hydroxyflavone tautomer species. The Shpol'skii spectra shown in Fig. 1 represent a unique observation of proton-transfer spectroscopy at moderate resolution in a 77 K crystal system. The only previous examples of resolved proton-transfer spectra were for methyl salicylate proton transfer in a neon matrix (15) at 4.2 K and those for methyl salicylate in a free-jet spectrum (16) .
Aggregation Spectroscopy of 3-Hydroxyflavone in Hydrocarbon Glasses
The spectroscopic study of a molecule like 3-hydroxyflavone, containing several polar groups, in hydrocarbon solvents at low temperature requires a knowledge of aggregation of the solute, because solubility can be expected to be very limited. The main studies of this paper were carried out with rather dilute solutions (1-20 ,4M). However, in order to ascertain the behavior of the aggregated solute, a special study was carried out with high concentrations in glass-forming hydrocarbon solvents. Fig. 3 Lower shows the luminescence spectrum of a 0.21 mM solution of 3-hydroxyflavone in methylcyclohexane glass at 77 K, excited at 360 nm. At this high solute concentration, a broad, diffuse fluorescence band (labeled IIIAggr.) centered on 440 nm is observed (cf. refs. 3 and 4 for fluorescence region labels). In this very pure solvent at solute concentrations of <20 tkM, only proton-transfer fluorescence is observed and no normal fluorescence is detected, whereas at higher concentrations of solute, the broad fluorescence band centered on 440 nm shown in Fig. 3 makes its gradual appearance with increasing concentration. It is apparent that this new emission band originates from aggregated solute; hence, we refer to it as "aggregate emission." The structureless band contour and its peak wavelength of 440 nm differ significantly from the somewhat structured normal fluorescence (3, 4) with the band maximum at 414 nm. A characteristic aspect of the aggregate emission is a greatly lowered quantum yield.
The electronic states of 3-hydroxyflavone that give rise to the aggregate emission must be the same in essence as those involved in the normal fluorescence emission, i.e., S1(jr, ir*) So for structure I (normal). However, in the aggregate, a perturbed emission results, possibly as an exciplex emission of the Hirayama type (17) or from an exciton state of the aggregate.
Tautomer fluorescence is observed in the solutions that show aggregate fluorescence emission. Fig. 3 Lower shows what appears to be (labeled I) proton-transfer tautomer fluo- and region I is the tautomer emission (cf. Fig. 2 ) of unaggregated solute.
rescence; this probably arises from nonaggregated 3-hydroxyflavone in the solution. When the excitation wavelength is shifted from 360 nm to 375 nm, the proton-transfer fluorescence shifts to the red and becomes diffuse, suggesting that tautomer fluorescence from the aggregate is now being excited (Fig. 3 Upper), where the aggregation is of a type still to permit proton transfer. The excitation spectra for the two different emission regions for the same 0.21 mM solution of 3-hydroxyflavone are given in Fig. 4 . When the tautomer fluorescence (523 nm) is monitored (Fig. 3 Lower), the excitation spectrum (Fig. 4 Lower) is similar to that observed for more dilute solutions; there is, however, a weak excitation tail (labeled Aggr. in Fig. 4 Lower) extending to 395 nm. When the aggregate fluorescence (Fig. 3 , left portion of the curve) is monitored at 440 nm, the excitation spectrum (Fig. 4 Upper) becomes very diffuse and strongly red-shifted. This latter excitation spectrum confirms the presence of ground-state aggregates. The overall emission and excitation spectral observations suggest that the aggregates are H-bonded chains that give rise to perturbed analogs of normal and tautomer fluorescences, with considerable interference with monomer proton transfer (Fig. 3 Upper) .
The effects of aggregation in low-temperature hydrocarbon solutions of 3-hydroxyflavone have not been reported previously because the effects of solvation in the contaminated solutions used (2, (6) (7) (8) completely dominated the luminescence properties. The broad, diffuse, and red-shifted nature (Fig. 3 ) of these emissions (both 440 and 530 nm) agrees with similar observations on the phosphorescence spectrum of the unsubstituted chromone molecule in hydrocarbon glasses, indicating the possibility of similar electronic interactions in the two systems (18) .
Experimental procedures and apparatus used for the studies in the present paper are described in a companion paper on low-temperature solvation spectroscopic effects on 3-hydroxyflavone (4). 
Conclusion
The present report shows the utility of the Shpol'skii matrix technique for isolated-site low-temperature spectroscopic study of intrinsic electronic excitation properties of a large polyatomic molecule. The technique not only gives sharpened spectra because of reduced inhomogeneous spectral perturbations but also reduces solvation-impurity spectral effects and lower-temperature aggregation effects by the hydrocarbon crystal-matrix formation. The polycrystalline matrix permits luminescence spectroscopy, excitation spectroscopy, and rise-time and decay time measurements (with some delay owing to internal reflection) but is not adapted to quantitative absorption measurements. Extreme sharpening to the point of line-spectra for molecular luminescences is observable in the Shpol'skii matrix at 20 K and 4 K.
Although several studies of heteroaromatic molecules in hydrocarbon Shpol'skii matrices have been reported (see, for example, refs. [19] [20] [21] [22] [23] [24] , this study provides a unique example of a significant Shpol'skii effect on a highly asymmetric molecule. This technique offers promise for study of other large biological heteroaromatics whose limited solubility in nonaqueous solvents has proven to be a serious research barrier to obtaining adequate resolution for discriminating spectroscopic analysis.
